It is demonstrated that the localized orbitals calculated for a water cluster have small delocalization tails along the hydrogen bonds, that are crucial in determining the resulting dipole moments of the system. (By cutting them, one gets much smaller dipole moments for the individual monomers-close to the values one obtains by using a Badertype analysis.) This means that the individual water monomers can be delimited only in a quite fuzzy manner, and the electronic charge density in a given point cannot be assigned completely to that or another molecule. Thus one arrives to the brink of breaking the concept of a water cluster consisting of individual molecules. The analysis of the tails of the localized orbitals can also be used to identify the pairs of water molecules actually forming hydrogen bonds. *
Introduction
It is customary to consider liquid (or solid) water as a conglomerate of distinct water molecules connected with a network of hydrogen bonds. Each individual water molecule is assumed to carry a considerable dipole moment, which is significantly larger than that of a free water molecule due to collective effects: the experimental dipole moment 1 of a water molecule in water medium 2-4 is about 2.8-2.95 Debye (D), as compared with the dipole moment of ca. 1 .85 D of a free water monomer 5 . The increase of the dipole moment takes place already for small water clusters: the authors of Ref. 6 . measured by using terahertz laser vibration-rotation-tunneling spectroscopy the dipole moment of the cage structure of the water hexamer cluster and performed ab initio and iterated induction model calculations for small (up to 8 water molecules) gas phase clusters. They concluded that the average dipole moment is increased as a function of number of water molecules in the cluster. The dipole moment of water monomer in cage like structure of cyclic hexamer was found to be about 2.70 D. That result indicates that this collective effect can be well studied by considering relatively small water clusters; this facilitates obtaining a deeper insight into its nature by performing different calculations on model water clusters.
One may be interested in determining the actual value of the dipole moments of different individual water molecules in different water models. Then one has to take into account two requirements the fulfillment of which is highly desirable. First, dipole moment should be calculated for a neutral entity, otherwise-as we know from electrostatics-the dipole moment becomes ill-defined (depends on the selection of the origin of the coordinate system). Second: the dipole moments of the constituents should sum to the overall dipole moment of the cluster. As will be seen further, these requirements put one on the brink of breaking the concept of a water cluster consisting of individual molecules.
There are three approaches in the literature for calculating dipole moments of a monomer within a water model. In the simplest one considers a single water molecule described quantum mechanically, which is embedded into an environment of point charges and/or multipoles determined by different assumptions. In some cases this embedded system is considered also solvated. These schemes 7−13 give 2.6-2.8 D for the dipole of a water monomer, depending on the details of calculations. Even this scheme can account for the significant increase of the dipole moment as compared with a single monomer.
The other two schemes utilize the electron density calculated from the global wave function of a cluster, either of finite size or in a periodic descrip-tion. One of them can be accomplished at any level of theory, and requires performing a 3-dimensional (3D) "topological" Bader analysis 14, 15 , with the help of which the 3D space is decomposed into atomic domains by studying the charge distribution, and a domain of an oxygen atom is combined with those of the respective two hydrogen atoms to form a domain of a water monomer 16 . Then the dipole moment of a water molecule is obtained by integrating the charge density in the domain in the molecule in question, taking the oxygen nucleus as the origin. Although this approach does not strictly fulfill the first requirement, that is assumed not to cause a big error, as the oxygen atom is close to the center of the charge of a water molecule.
Another scheme was applied by some authors in the framework of plane wave calculations of water clusters: its essence is in turning to a Wannierfunction basis representing linear combinations of plane waves, assigning the different Wannier functions to the individual monomers and calculating dipole moments by their use 17−20 . This scheme fulfills, at less formally, both requirements mentioned above and, as a rule of thumb, results in some 0.5 D larger dipole moment for a water monomer in a cluster, than those based on the Bader-type analysis 21, 22 . The aim of our work to generalize this approach to the use of atom-centered basis sets and to see what conclusions can be drawn on the basis of the "Hilbert-space analysis" utilizing the assignment of the basis functions to the individual atoms (and thus to the individual monomers). As will be seen, this analysis permits also to propose extremely simple criteria for identifying individual hydrogen bonds in a cluster, simpler than used in the literature 23−30 . In our study we will not pursue numerical accuracy but rather wish to obtain qualitative understanding, which may be achieved by performing not too sophisticated calculations.
In the recent work 31 Torii investigated in a somewhat complicated manner the dynamic and static dipole moments of the water. As will be seen, his conclusion about the role of charge transfer effects in enhancement of static dipoles is completely in line with our results obtained in a quite different formalism.
The calculations
When one performs a supermolecule type quantum chemical calculation for a water cluster, then all the electrons are considered as part of the composite system, without assigning them to the different monomers. If we are interested in the dipole moments of individual monomers, then the overall electronic charge should be decomposed into parts in such a manner that each water molecule is assigned ten electrons. In the general case, when electron correlation is taken into account, such a decomposition of the electronic density may be rather problematic. However, if one uses a closed shell SCF method (Hartree-Fock or density functional theory, DFT) then this task can easily be accomplished by assigning five doubly filled localized molecular orbitals (LMO-s) to each water monomer. (Canonical orbitals are delocalized, so are not adequate for the purpose.) Then one has to attribute the electron density corresponding to these five localized orbitals to the given monomer, and calculate the dipole moment with these orbitals in the same manner as one calculates the dipole moment of a single molecule. Of course, one should take into account that the localized orbitals are not strictly restricted to the basis orbitals of the given monomer, so the basis set of the whole cluster should be used.
It is known that localized orbitals are not uniquely determined but depend on the localization criterion used. For that reason, we have used four quite different localization procedures. Two of them were standard ones: Boys localization 32 and calculation of the "natural localized orbitals" (NLOs) of Weinhold group 33 . The other two represented generalizations of our approach applied for determining effective atomic orbitals [34] [35] [36] [37] . In one of them the Magnasco-Perico (Mag.-Per.) localization criterion 38 is applied to the individual monomers; it consists in maximizing the norm of the intramonomer part of the LMO-s. (It is Mulliken's net population generalized to an individual monomer.) The fourth scheme is the 3-dimensional "fuzzy atoms" analogue of the previous one: the intramonomer part of the LMOs is maximized in the part of the 3-dimensional space that has no sharp boundaries but is defined by the sum of the three atomic weight functions of Becke-type 39, 40 , corresponding to one oxygen and two hydrogens of the monomer in question. Two of these localization criteria-the Boys-type and the fuzzy one-are based on criteria related to the 3D space, the other two use methods of the Hilbert space analysis, in which an individual monomer is identified with its three nuclei and the basis orbitals centered on them.
The Boys-localization and the calculation of NLO-s are standard procedures, we need not to discuss them here in any detail. In our schemes we are looking for a unitary transformation of the occupied molecular orbitals (MO-s)
that permits to make maximal (or at least stationary) the norm of intramonomer part of the resulting transformed MO ψ i in either of the two schemes mentioned:
Here superscript "X" denotes the intramonomer part of the orbital ψ i . The basis expansion of the orbital is, according to the transformation (1) is given by the coefficients C loc.
µi :
where the C µj -s are the canonical orbital coefficients obtained in the SCF calculation.
If the Magnasco-Perico localization is used, then the intramonomer function ψ X i is obtained by conserving only the basis orbitals located on the given monomer X:
In the 3-dimensional fuzzy atoms analysis ψ
Here w X ( r ) is the weight function assigned to the monomer X; it is calculated as the sum of the weight functions for the constituting atoms, calculated according to Ref. 40. (The weight functions of all the monomers sum to one in every point of the 3-dimensional space.) As discussed in Refs. 34-37, the variational condition (2) is fulfilled if the unitary matrix U used in the transformation (1) diagonalizes matrix Q with the elements
These calculations have been performed by suitably modifying our programs 34, 36 devoted for calculating effective AO-s 41 . For each monomer one obtains, in principle, as many transformed MO-s as is the total number of MO-s in the cluster. Out of them, we conserve only those five that are almost entirely localized on the given monomer and repeat the procedure for each monomer. The localized MO-s obtained for the same monomer are orthonormalized (every matrix U is unitary), but the MO-s localized on different monomers are not strictly orthogonal 34 . To fulfill the requirement that the dipole moments of the monomers should sum to the dipole moment of the cluster, the localized MO-s obtained are subjected to a symmetric Löwdin-orthogonalization before the dipole moments of the individual monomers is calculated.
An interesting property of the LMO-s obtained by these procedures is that-before the global orthogonalization mentioned is performed-their intramonomer parts also form an orthogonal set [34] [35] [36] [37] . The five of these orbitals corresponding to the largest eigenvalues of matrix Q can be called the effective MO-s of the individual monomers: these are the orbitals by which the monomer is mainly participating in forming the cluster's wave function. When considering the degree of localization/delocalization of a given localized orbital, we have calculated the quantities corresponding to Mulliken's net orbital populations. Actually the degree of the localization of the localized orbital ψ i on the "own" monomer A was calculated as
while the delocalization to the given monomer was simply characterized by the sum of the squares of the coefficients.
We have dealt with relative large water clusters for which geometry optimization was affordable only by the not too big 6-311G(d,p) basis set, but we could apply the refined M05-2X DFT functional 43 permitting to account indirectly for correlation effects. As we are interested in qualitative, rather than quantitative effects, we have used these geometries also for the "single point" calculations by using the larger basis sets cc-pVTZ and aug-cc-pVTZ . The Boys-localized orbitals and the NLO-s were calculated by the Gaussian-09 program system 44 , the other two types of LMO-s by suitable modifications of our programs used in [34] [35] [36] [37] : instead of a single atom a reference unit was a monomer. The LMO-s were outputted and sorted in each case and then read back to Gaussian-09. (For technical details we refer to the Supplementary material.)
Besides monomer and dimer calculations, we have considered all the four localization schemes for water clusters consisting of 6, 10, 20 and 28 water molecules. Their structure has been taken from the literature 45 and the geometries were reoptimized with the DFT functional and basis set indicated above. They are depicted on Figure 1 ; the actual Cartesian coordinates are given in the Supplementary material. Additionally, the calculations based on the Magnaso-Perico localization criterion have been performed for one cluster with every number of water molecules between 2 and 30. Their geometries were determined in the same manner as for those for the clusters discussed in detail. (The Cartesian coordinates are also given in the Supplementary material.)
Results and discussion
The dipole moment of a water monomer calculated with the functional M05-2X is 2.141 D, 1.996 D and 1.922 D for the basis sets 6-311G(d,p), cc-pVTZ and aug-cc-pVTZ, respectively; the last one does not differ significantly from the experimental value 5 of 1.855 D. It is important to stress that this variation with the basis set does not influence the qualitative conclusions we could drawn by comparing the results obtained for different water clusters obtained by using the same basis set.
The dipole moment of a water dimer has been obtained 2.797 D, 2.651 D and 2.588 D for the three basis sets mentioned. Table 1 . shows how it is composed of the dipole moments of the individual monomers according to the four different localization schemes (columns denoted "Fuzzy" to "Mag.-Per."). The dipole moments of the two monomers are not collinear and the resulting dipole moment is their vectorial sum, so the individual Cartesian components (but not the absolute values) of the monomer moments sum to the respective components of the dimer. In the case of all larger clusters studied, the overall dipole moment has also been always recovered within a reasonable numerical accuracy for all the localization schemes if a complete set of orthonormalized localized orbitals has been considered. However, when the LMO-s were truncated to the individual monomers, the vectorial sum of the monomers' dipole moments ceased to sum to that of the cluster.
Looking at the results, we see that the method of localization is practically irrelevant. This is the case in all calculations discussed in the present work; that is very important as to the reliability of the conclusions drawn. The numerical values indicate that the collective effects that lead to the increase of the dipole moments of individual water monomers in bulk water-although to a smaller extent-already manifest in the dimer case, too.
The last columns in the Tables contain the dipole moments calculated in the following manner. As have mentioned above, the intramonomer parts of the localized orbitals obtained by using the Magnasco-Perico localization criterion (i.e., maximizing the norm of the intramonomer parts of the LMO-s) form an orthogonal set of effective monomer orbitals, characterizing their internal electronic structure. 34, 35, 37 One can renormalize these effective monomer orbitals, fill them by two electron each, and calculate the dipole moment of the individual monomers; this means omitting completely the delocalization tails of the LMO-s. We shall call this type of technique as Magnasco-Perico truncated (Mag.-Per.-trunc.) scheme. These values give a sort of "internal" or "intrinsic" dipole moments of the individual monomers in the given environment, as orbitals centered on the other monomers do not contribute to them. These "intrinsic" dipole moments in all cases, except the dimer, are significantly lower than those calculated by using the full localized orbitals. (We shall return to that point.)
In order to check that these results are not due to the specific localization scheme applied, we have performed the following alternative procedure, also giving internal dipole moments of monomers, although they are a little less well-cut conceptually. We have cut the LMO-s obtained by using the Boys procedure for a given monomer to the basis of that monomer, performed a Löwdin-orthonormalization of the orbitals obtained for each monomer separately, and calculated the dipole moments. The results obtained are very close to those in the last columns of Tables, the maximal difference being 0.03 D. 46 . (The actual values are listed in the Supplementary material.) In the case of the water dimer the second monomer represents the hydrogen donor; its dipole moment does not practically change if the delocalization tails are omitted; the increase of its dipole moment should be attributed to the polarization due to the partner molecule. (The change of the geometry of this monomer in the dimer does not explain the effect, as it leads to a change in dipole moment only in the second decimal digit-cf Ref. 13 .) However, cutting the delocalization tails for the hydrogen acceptor molecule reduces the dipole moment to a value close to that of the free monomer. 47 We can conclude, therefore, that the dipole moment increase in the water clusters is due to two different mechanisms: the polarization and the delocalization effects-though their distinction may be difficult in the Hilbert space analysis if large basis sets with diffuse functions are used. Then turning to "3D analysis" may be desirable. (For the larger clusters studied below every monomer acts both as hydrogen acceptor and donor, so the behaviour of the proton acceptors and proton donors cannot be considered for them separately.) Tables 2 to 5 contain the dipole moments of the individual water monomers calculated by the four localization schemes for the water clusters consisting of 6, 10, 20 and 28 water molecules, respectively. For the smallest cluster the data obtained with the three different basis sets are displayed, for the larger ones those for 6-311G(d,p) basis set. (Some data for other basis sets are included in the "Supplementary material".) The results are quite insensitive to the method of localization in all cases without exception. Also, it can be seen that the average monomer's dipole moments exhibits a gradual increase with the increasing cluster size. Furthermore, the dipole moments of the monomers are significantly reduced if the delocalization tails of the MO-s are cut, and become close to the values usually given by the Bader-type analysis. However, the dipole moments obtained by cutting the delocalization tails of the MO-s do not sum to that of the overall cluster. This means that the dipole moment of a water cluster cannot be fully recovered in any calculation in which the individual water monomers are treated as spatially separated entities consisting of the three nuclei and ten electrons. As the delocalization between the monomers is essential for recovering the overall dipole moment of the whole system, we must accept that the individual water monomers can be delimited only in a quite fuzzy manner, and the electronic charge density in a given point cannot be assigned completely to that or another molecule. (The situation becomes even more involved if electron correlation is explicitly taken into account.) That means that the concept of a molecule in a water cluster-or water medium-is necessarily a fuzzy one, except if we restrict ourselves to considerations based merely on the position of the nuclei. This is further illustrated by Figure 2 , on which the average dipole moments of the water monomers and their mean square deviations are depicted as functions of the number of water monomers changing from 2 to 30. The upper curve is the dipole moment obtained with the "full" Magnasco-Perico localized orbitals containing the delocalization "tails", while one of the lower ones shows those obtained after cutting the "outside" parts of the LMO-s. One can see that both curves approach saturation around n = 15 (Mag.-Per. The delocalization effects discussed are not some random ones. Significant delocalization is always observed within a hydrogen bond-the lone pair of the proton-acceptor molecule exhibits a delocalization to the molecule by which it forms a hydrogen bond. The importance of charge transfer effects in forming hydrogen bonds is well established in the literature 49−59 . The delocalization is mainly expected 60−61 onto the σ * orbital of the latter molecule. Therefore, by studying the tails of the LMO-s, one can identify the pairs of hydrogen bonded molecules. Figure 3 displays the measures of delocalization for a pair of water molecules (the Mulliken net population on a given molecule, originating from the tails of those two localized orbitals centered on the partner molecule that are most delocalized) as the function of the O...O distance, for the cluster of 28 water molecules, and for all the four localization schemes considered. It can be seen that significant values occur only for the molecules with the O...O distances around 2.6-2.8Å, character-istic for the hydrogen bonded pairs. As only the proton-acceptor molecule of a given pair exhibits a significant delocalization, every H-bonded pair does also contribute a point near the zero level on this figure, showing the lack of the delocalization from the proton donor to the proton acceptor. The significant gap observed on this figure is in agreement with the fact that all the delocalization tails exceeding 0.03 correspond to hydrogen bonds also on the basis of their geometries 62 . That means that the existence or absence of the hydrogen bond between a pair of water molecules in a water cluster can be discriminated using the delocalization.
It is interesting to note that the Magnasco-Perico delocalization parameter displayed on Figure 3 is 0.048 at the equilibrium geometry of a single water dimer, which is less than the value for most of hydrogen bonded pairs in the actual cluster. This means that in this respect we have again met a typical collective effect-similar to those discussed in our recent paper Ref. 13 . The same is observed for the dipole moments, too. This indicates again that the study of a hydrogen bonded dimer system may be not sufficiently relevant for discussing the properties of a bigger cluster.
The investigation of the localization patterns permits also to distinguish between classes of water molecules differing by the number of hydrogen bonds in which they are proton donors and proton acceptors. Figure 4 displays the Mulliken net populations on the "own" molecule for each of the five localized orbitals corresponding to the individual water monomers in the (H 2 O) 28 cluster. (The case of using the NLO localized orbitals is shown, the other three are quite analogous.) One orbital-corresponding to the oxygen 1s one-is always perfectly localized on the given molecule; two orbitals show a Mulliken net population slightly exceeding one (for them the overlap populations with the other molecules give some negative contributions), while there are two orbitals with net populations lower than one. It can be seen that the number of orbitals with localization lower than ∼ 0.98 equals the number of hydrogen bonds in which the given molecule is a proton acceptor. As a consequence, especially those water molecules show a characteristic localization pattern, that have one hydrogen bond in which they are proton acceptors and two ones in which they are proton donors (molecules of 1A:2D type).
The differences in the delocalization patterns manifest also in the values of dipole moments of water molecules in different hydrogen bonded environment. Table 6 compares the average dipole moments calculated for the complexes with 26-30 water molecules for Magnasco-Perico localization criterion without and with truncation. It can be seen that the average dipole moments are the largest for waters of type "two acceptors-two donors" (2A:2D). Similar conclusion has been obtained by Akase When discussing delocalization effects, one should stress-as we do it for decades (e.g. 65−67 )-the distinction between the "mathematical" and "physical" delocalizations. The former lead to the "orthogonalization tails" which are solely due to the fact that it is more convenient to work with orthonormalized MO-s than with non-orthogonal ones, while the latter reflect the actual physical interactions in the system. In order to show that the delocalizations discussed in the present work do represent true physical effects characteristic for the hydrogen bonds, we have performed the following procedure. The monomer MO-s, obtained by using the Magnasco-Perico localization criterion and truncated in order to calculate the "intrinsic" monomer dipole moments shown in the last columns of Tables, represent orthogonal sets for the given monomer, but the orbitals of the different monomers are not orthogonal to each other. Performing the Löwdin orthonormalization of these truncated orbitals, and calculating dipole moments of each monomer by using its five globally orthogonalized orbitals, we can account for the effects of the "mathematical" delocalizations. We have found (the actual numbers are listed in the Supplementary material) that the dipole moments in all but one cases give somewhat larger dipole moments than those obtained for the strictly intramonomer orbitals, but the effect is rather small-it does not exceed 0.08 D-so the results remained significantly smaller than those in the first four columns. (The single exception was the proton acceptor monomer in the dimer case, for which the mathematical delocalization lead to a slight decrease of the dipole moment.) This comparison indicates that the effects of delocalizations along the hydrogen bonds reflect essential physical aspects of the water structure.
The whole situation can be concisely characterized by the following three figures, showing some distributions obtained by using the Magnasco-Perico localization criterion. Figure 5 shows the distribution of the measure of the delocalization tails from the proton acceptor to the proton donor molecules for the (H 2 O) 30 cluster, It can be seen, that for most hydrogen bonded pairs it exceeds the value characteristic for a water dimer, indicated by a vertical bar. That is a pronounced manifestation of the collective effects characteristic for water clusters. This figure is quite analogous to the distribution of the intermolecular bond orders obtained most recently 13 , which is in agreement with the close connection between these quantities. Figure 6 shows the distribution of the dipole moments calculated for the individual water monomers in all clusters with 25 to 30 water molecules. All the dipole moments are significantly larger that in the monomers or dimers, which is due to the larger delocalizations and the mutual polarizations -the latter is also a collective effect. Figure  7 shows the analogous distribution for the "intrinsic" dipole moments, obtained by cutting the delocalized tails of the MO-s and renormalizing them. It can be seen that the dipole moments are significantly reduced as compared with the previous figure, but they are still much larger than the monomer and dimer values. It may be of interest to note that the last distribution is pretty similar to the analogous one recently obtained 13 for the Bader-type analysis, indicating that the low dipole values given by the latter are indeed due to the inability of that scheme to account for delocalization effects.
We may conclude that there are two physical effects influencing the dipole moments of the water monomers in clusters (or bulk water): mutual polarization and delocalization, which may have an important message for developing new force fields. Although both of them trend to increase the dipole moments of the individual monomers, their effect is not strictly additive; for instance, the truncation of the localized MO-s for the proton acceptor monomer in the water dimer does increase-and not decrease-its dipole moment if basis sets without diffuse functions are used.
Summary
We have computed the dipole moments of the individual water molecules in different water clusters by calculating localized molecular orbitals and assigning five localized orbitals to each water monomer unit. Using four quite different localization schemes, all the localized orbitals were found to be indeed almost completely situated on the respective molecules, so their delocalization tails were small. Nonetheless, these small delocalization tails are of decisive importance for reproducing the collective effects observed in water and determining the dipole moments of the individual monomers: cutting them one gets significantly lower dipole moments, comparable to those one obtains in the framework of Bader analysis. This shows that the notion that fluid or solid water consists of well-distinguishable water molecules has some limitations: the individual molecules can be delimited only in a quite fuzzy manner. The analysis of the tails of the localized orbitals can also be used to identify the pairs of water molecules actually forming hydrogen bonds.
Supporting information
The Supporting Informations contain 1. the coordinates and figures of the optimized structures of all the complexes studied; 2. the Gaussian-09 control cards used for calculating the dipole moments corresponding to the monomers with the respective localized orbitals; 3. the dipole moments of the individual water monomers in the clusters of 2, 6, 10, 20 and 28 water molecules, calculated by using seven different localization schemes at the M052X/6-311G(d.p level. The total dipole moment of the overall cluster by using basis A is 2.797 D, after the truncation of the "tails" of the LMO-s the vectorial sum of the monomer dipoles is 2.482 D. The total dipole moment of the overall cluster by using basis A is 1.861 D, after the truncation of the "tails" of the LMO-s the vectorial sum of the monomer dipoles is 1.721 D. The total dipole moment of the overall cluster is 2.793 D, after the truncation of the "tails" of the LMO-s the vectorial sum of the monomer dipoles is 2.597 D. The total dipole moment of the overall cluster is 1.736 D, after the truncation of the "tails" of the LMO-s the vectorial sum of the monomer dipoles is 1.647 D. 
Figure 1
The water clusters with 6, 10, 20 and 28 water molecules, considered.
Figure 2
Average dipole moments and their main square deviation of the water molecules as the function of the number of water molecules in the clusters studied, using the Magnasco-Perico localization criterion, without and with truncation of the "tails" of the LMO's, and the Bader method. 
Figure 4
Mulliken net populations on the "own" molecule for each of the five NLO localized orbitals corresponding to the individual water monomers in the (H 2 O) 28 cluster.
Figure 5
Distribution of the measure of the delocalization tails from the proton acceptor to the proton donor molecules calculated by using the Magnasco-Perico localization for the (H 2 O) 30 cluster.
Figure 6
Distribution of the dipole moments of water molecules calculated by using the Magnasco-Perico localization for the individual water monomers in all clusters with 25 to 30 water molecules.
Figure 7
Distribution of the dipole moments of water molecules calculated by using the Magnasco-Perico localization and cutting the delocalization tails for the individual water monomers in all clusters with 25 to 30 water molecules. 
